Introduction {#S1}
============

Thermal processing remains one of the most used methods in food industry to ensure the microbial safety and extend the shelf life of many different food products ([@B32]). It has been shown that the presence of fat droplets inside food products significantly affects microbial inactivation kinetics during thermal processes ([@B45]). Acquiring fundamental knowledge about the influence of fat content on thermal inactivation kinetics would be beneficial to acquire more insight into the influencing mechanisms of the presence of fat droplets on thermal inactivation of bacteria.

The effect of fat content on the thermal inactivation of food pathogens has been investigated to some extent in the past, but different studies show contradictory results. Increasing the fat content of food products resulted in an increase ([@B15]; [@B1]; [@B10]; [@B21]) or decrease ([@B35]; [@B29]) of the resistance to thermal inactivation of submerged bacteria in the foods, depending on the specific case study. In other studies, no significant effect of fat content on thermal inactivation kinetics was observed ([@B23]; [@B38]; [@B9]; [@B22]). Apart from the influence of bacterial species and strains, differences in inactivation kinetics could be caused, at least in part, by variations in compositional and physicochemical factors due to the use of real food products in the aforementioned studies. In addition, these microbiological studies did not take into account that food matrix fat content also influences heat transfer dynamics inside the food product during thermal processing, both when considering conductive and convective heat transfer ([@B11]; [@B31]).

Recently, researchers started using artificial model systems with various microstructures \[e.g., liquids, aqueous gels, oil-in-water emulsions, water-in-oil emulsions, gelled emulsions, and surfaces, according to the classification of [@B50]\] to acquire more insight into the effect of food microstructural aspects on microbial growth dynamics ([@B5], [@B6],[@B7]). [@B47] further improved this concept by developing a set of model systems exhibiting minimal variations in compositional and physicochemical factors among the different systems. This method enables the isolation of certain microstructural aspects such as the nature of the food matrix (e.g., viscous or gelled) and the presence of fat droplets. In relation to the latter, the effect of food matrix fat content can also be isolated. Hence, emulsion and gelled emulsion model systems, prepared according to this approach, could be used to study the influence of food matrix fat content on thermal inactivation kinetics of bacteria.

In this study, the effect of food matrix fat content on thermal inactivation kinetics of *Listeria monocytogenes* was investigated using small-scale (i.e., 1 mL) artificial food model systems. Model system composition was based on processed fish products containing a certain amount of fat (e.g., fish paté, fish salad, fish sausage) and major food microstructural elements of such food products (e.g., fat droplets, a viscoelastic matrix) were represented in the systems. In order to isolate the effect of fat content on microbial behavior, model systems with minimal variation in compositional and physicochemical factors were used, i.e., emulsions and gelled emulsions with fat contents of 5, 10, and 20% ([@B47]), and the obtained results were compared to those for systems containing 1% fat ([@B45]). These systems spanned a fat content range of 1--20% which is relevant for a plethora of different processed fish products ([@B2]; [@B33]; [@B13]; [@B27]). The model systems were characterized for their thermal conductivity and rheological properties to investigate possible effects of fat content on conductive and convective heat transfer inside the model systems. Inactivation experiments were conducted at temperatures of 59, 64, and 69°C, representing a temperature range relevant for mild thermal treatments of processed fish products. Inactivation rates, log reductions, and sublethal injury (SI) induced in the cells were compared among systems with different fat content. Finally, findings were compared to those from studies which investigated the influence of food matrix fat content on *L. monocytogenes* inactivation in real food products.

Materials and Methods {#S2}
=====================

Model System Preparation {#S2.SS1}
------------------------

Emulsion (Em) and gelled emulsion (GE) model systems with different fat content (i.e., 1, 5, 10, and 20%) were prepared as described by [@B47]. The systems were divided over small vials (4 mL, 45 × 14.7 mm, BGB Analytik Benelux B.V., Harderwijk, Netherlands), to a volume of 1 mL of viscous or gelled medium per vial. [Table 1](#T1){ref-type="table"} shows the composition of the different model systems. A more detailed overview of the physicochemical properties and other characteristics of the model systems is provided by [@B47], [@B48]. From this point on, emulsions and gelled emulsions with different fat content were defined as Em1, Em5, Em10, Em20, GE1, GE5, GE10, and GE20, respectively.

###### 

Composition of the emulsion and gelled emulsion model systems with different fat content ([@B48]).

  Ingredients (% w/w)   Emulsion   Gelled emulsion                                           
  --------------------- ---------- ----------------- ------- ------- ------- ------- ------- -------
  Fish protein          5.00       5.00              5.00    5.00    5.00    5.00    5.00    5.00
  Alginate              3.00       3.00              3.00    3.00    3.00    3.00    3.00    3.00
  NaCl                  0.95       0.90              0.84    0.74    0.94    0.89    0.84    0.73
  CaCO~3~               /          /                 /       /       0.40    0.38    0.36    0.31
  GDL^1^                /          /                 /       /       0.95    0.90    0.84    0.74
  Sunflower oil         1.00       5.00              10.00   20.00   1.00    5.00    10.00   20.00
  Tween 80              0.10       0.35              0.35    0.35    0.10    0.35    0.35    0.35
  Span 80               0.20       0.65              0.65    0.65    0.20    0.65    0.65    0.65
  Xanthan gum           0.50       0.50              0.50    0.50    /       /       /       /
  Distilled H~2~O       89.25      84.6              79.66   69.76   88.41   83.83   78.96   69.22

1

D-(+)-gluconic acid δ-lactone.

Thermal Conductivity {#S2.SS2}
--------------------

In order to investigate the influence of food matrix fat content on conductive heat transfer, thermal conductivity was quantified in the emulsion and gelled emulsion model systems with different fat content (i.e., 1, 5, 10, and 20%). Thermal conductivity was measured at 59 and 69°C (i.e., the minimum and maximum temperature used in the current study) by a line heating source probe and instrument KD2 (Decagon devices Inc., Pullman, WA, United States). Samples consisting of 50 g per model system were used. Experiments were conducted independently in triplicate.

Rheological Properties {#S2.SS3}
----------------------

In order to investigate the influence of food matrix fat content on convective heat transfer, rheological properties of the emulsions and gelled emulsions with different fat content (i.e., 1, 5, 10, and 20%) were quantified. The rheological properties of the model systems were characterized using a Discovery Hybrid Rheometer (DHR-2, TA Instruments, New Castle, DE, United States), equipped with a 40-mm parallel plate system, consisting of a crosshatched upper and lower plate. The gap size between the two plates was set at 500 μm for viscous systems and at 1000 μm for gelled systems. Temperature control was regulated by means of a Peltier temperature control system and upper heated plate.

The emulsions were characterized by means of their steady-state behavior at 20.0, 32.5, 45.0, 57.5, and 70.0°C, based on the protocol of [@B47]. Model systems were prepared approximately 24 h prior to the rheological measurements and stored at 10°C. A delay of 2 min was set after sample loading in order to allow temperature calibration and relaxation of stresses induced during the loading procedure. A sample of 1.6 mL of each model system was carefully transferred to the bottom plate. The shear rate was increased linearly from 0.01 to 50.00 Hz, and the corresponding shear stress was evaluated after the sample reached steady-state. The relationship between the shear stress and shear rate was characterized by Equation 1, which represents the power law model ([@B34]).

τ=

⁢

K

⋅

γ

.

n

With τ (Pa), the shear stress; $\overset{.}{\gamma}$ (1/s), the shear rate; *K* (Pa/s), the consistency index; and *n* (-), the flow behavior index representing the extent of deviation from Newtonian behavior. Both model parameters (i.e., *K* and *n*) were estimated by fitting a power function to the experimental data using Microsoft Excel (Microsoft Corporation, WA, United States). This procedure was conducted for each of the five temperatures, resulting in a characterization of the rheological behavior of the emulsions over the relevant temperature range. Experiments were conducted independently in triplicate.

Gelled systems (i.e., gelled emulsions containing 1, 5, 10, and 20% fat) were characterized by means of a temperature ramp procedure over a temperature range from 20 to 70°C. Approximately 24 h prior to the rheological measurements, gelled systems were prepared in round Petri dishes (55 × 12 mm, Anicrin S.R.L., Scorzè, Italy) by allowing 6 mL of viscous medium to solidify in the plates ([@B47]), and stored at 10°C. A delay of 2 min was set after sample loading onto the rheometer. The ramp rate, oscillatory stress and angular frequency were set to 2°C/min, 10 Pa, and 1 Hz, respectively. Experiments were conducted independently in triplicate.

Thermal Inactivation Experiments {#S2.SS4}
--------------------------------

A strain cocktail of three *L. monocytogenes* strains, acquired from the BCCM/LMG bacteria collection of Ghent University in Belgium, was used, i.e., LMG 23773, LMG 23774 (both isolated from smoked salmon), and LMG 26484 (isolated from tuna salad). The preparation of precultures and the inoculation of the model systems was performed as described in [@B45]. Briefly, a purity plate was prepared for each strain by spreading a loopful of stock culture onto a BHI Agar plate \[1.4% (w/v), Agar Technical No3, Oxoid Ltd., Basingstoke, United Kingdom\], which was incubated at 30°C for 24 h. Two consecutive 24 h-precultures (incubated at 30°C) in BHI were prepared for each strain individually, starting from one colony of the respective purity plate. Equal volume aliquots of (second) precultures of the three strains were mixed, resulting in a stationary phase *L. monocytogenes* strain cocktail with a cell density of approximately 10^9^ CFU/mL. Model systems were homogeneously inoculated to a cell density of 10^8^--10^9^ CFU/mL prior to the division over the small vials. Inoculated model systems were stored at 10°C for approximately 16 h prior to the respective inactivation experiments in order to allow the gelled systems to solidify.

Thermal inactivation experiments and sample processing were conducted as described by [@B45]. In short, vials containing the model systems were immersed in water baths at a constant temperature of 59, 64, or 69°C, removed at different time intervals, and stored in ice-water prior to further processing. Serial dilutions (i.e., prepared using a 0.90% w/v NaCl solution) were plated on BHI agar and PALCAM agar (VWR Chemicals, Leuven, Belgium), employing the drop technique ([@B19]), with enumeration after approximately 30 h at 30°C. Cell counts were considered significant when at least 10 colonies per two drops of 100 μL were counted on the agar plates for the undiluted sample, resulting in a detection limit (DL) of 1.7 log (CFU/mL) for emulsions and 2.3 log (CFU/mL) for gelled emulsions. The higher DL for gelled emulsions was caused by an extra dilution step needed to dissolve the gels during sample processing. Replicates for which colony counts below the DL were detected, a situation which only occurred in the emulsions systems, were taken into account for the model fit as such. Replicates for which no colonies were detected in the undiluted sample were assumed to be equal to the average of the DL and zero, i.e., 0.85 log (CFU/mL) for emulsions. In both cases, however, results were critically evaluated. All experiments were performed independently in triplicate.

Temperature Measurements {#S2.SS5}
------------------------

For each model system at each temperature, the core temperature during the thermal inactivation experiments was recorded every 2 s using a Testo 176 T4 temperature datalogger connected to two TC Type K temperature probes and data was acquired using ComSoft Basic 5 logger software (Testo SE & Co. KGaA, Lenzkirch, Germany). The thermal load to which the model systems were exposed during the different thermal treatments was calculated by integrating the obtained temperature curves over time. Temperature profiles were recorded independently in triplicate.

Estimation of Inactivation Kinetics {#S2.SS6}
-----------------------------------

The inactivation model of [@B17], extended with a Bigelow-type temperature dependency ([@B16]), was fitted to the experimental data on BHI agar (i.e., providing inactivation dynamics for the total population of uninjured and injured cells). The inactivation rate was set to zero for temperatures lower than 50°C, since these temperatures do not result in *L. monocytogenes* inactivation ([@B42]). Model parameters were estimated from the set of experimental data via the minimization of the sum of squared errors, using the lsqnonlin routine of the Optimization Toolbox of MatLab^®^ version R2018b (The Mathworks Inc., Natick, United States). For each model system, the differential equations of the inactivation model were solved simultaneously (i.e., one-step procedure) for the inactivation data at 59, 64, and 69°C, using the MatLab solver ode45. Standard errors of parameter estimates were calculated from the Jacobian matrix. A one-step procedure was used in order to cope with the dynamic temperature profiles *T*(*t*) which are inseparably linked to the heat transfer characteristics in non-capillary model systems. In this regard, inactivation experiments in the current study involved come-up times (i.e., time necessary for the model systems to reach the final temperature) of more than 2 min. Furthermore, the one-step fitting procedure avoids extra errors which are introduced in two-step procedures by the use of estimated kinetic parameters for the fitting procedure ([@B43]).

The model of [@B17] and the (conditional) Bigelow-type relation ([@B16]) are represented by Eqs. 2 and 3, respectively.
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With *N* (CFU/mL), the cell density at time *t*; *N*~*res*~ (CFU/mL), the residual cell density; *k*~max~ (1/min), the maximum specific inactivation rate; *T*(*t*) (°C), the core-temperature of the model system; *T*~*ref*~ (°C), the reference temperature; *k*~max~(*T*~ref~) (1/min), the maximum specific inactivation rate at the reference temperature; and *z* (°C), representing the sensitivity of *k*~max~ to temperature changes. A reference temperature *T*~ref~ equal to 64°C was selected and core-temperatures of the model systems were calculated as the average of the independent temperature measurements. Log reductions were calculated based on the modeled values for the initial cell density *N*~0~ and the residual cell population *N*~*res*~.

Sublethal Injury Assessment {#S2.SS7}
---------------------------

The evolution of SI was calculated as described by [@B45]. Briefly, SI was calculated for each replicate at each time point, using Eq. 4 ([@B8]), and a third-degree polynomial was fitted to all obtained datapoints for each condition. BHI and PALCAM agar (VWR Chemicals, Leuven, Belgium) were used as a non-selective (i.e., representing the total population of injured and uninjured cells) and selective (i.e., representing the population of injured cells) medium, respectively.

Sublethal injury was assumed to be equal to zero when counts on PALCAM were higher than those on BHI, and datapoints for which the counts on BHI were below the DL were omitted.
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In order to quantify the total amount of SI over the duration of the thermal treatment, the Time-averaged Injured Cells Coefficient (TICC) was calculated according to the formula of [@B28], as described in Eq. 5.
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With *t* (min), the treatment time; *t*~*f*~ (min), the total duration of the thermal treatment; and SI (−), the percentage of sublethal injury according to the fitted polynomial.

Statistical Analysis {#S2.SS8}
--------------------

Significant differences between model parameters were determined using analysis of variance (ANOVA, single variance) test at a 95.0% confidence level (α = 0.05). Fisher's Least Significant Difference test was used to distinguish which means were significantly different from others. Standardized skewness and standardized kurtosis were used to assess if data sets came from normal distributions. The analyses were performed using Statgraphics Centurion XVII Package (Statistical Graphics, Washington, United States). Test statistics were regarded as significant when *P* ≤ 0.05.

Results and Discussion {#S3}
======================

Thermal Conductivity {#S3.SS1}
--------------------

[Table 2](#T2){ref-type="table"} provides an overview of the thermal conductivity values for the emulsions and gelled emulsions with different fat content, measured at 59 and 69°C. In the emulsions at 59°C, an increase in fat content from 1 to 5% led to a significant decrease in thermal conductivity. Between 5 and 20% fat content, thermal conductivity increased with increasing fat content. In the emulsions at 69°C, an increase in fat content from 1 to 5% also led to a significant decrease in thermal conductivity, but no significant differences were observed among Em5, Em10, and Em20. In the gelled emulsions at 59°C, an increase in fat content from 1 to 5% led to a significant increase in thermal conductivity, while no significant differences were observed among GE5, GE10, and GE20. In the gelled emulsions at 69°C, thermal conductivity decreased with increasing fat content, although no significant differences were observed between GE1 and GE5.

###### 

Thermal conductivity (W/mK) of the emulsion and gelled emulsions model systems with different fat content (i.e., 1, 5, 10, and 20%), obtained at 59 and 69°C.

       Emulsions         Gelled emulsions                    
  ---- ----------------- ------------------ ---------------- ----------------
  1    0.45 ± 0.03^C^    0.60 ± 0.02^B^     0.53 ± 0.02^A^   0.56 ± 0.03^C^
  5    0.35 ± 0.03^A^    0.46 ± 0.04^A^     0.60 ± 0.01^B^   0.56 ± 0.02^C^
  10   0.40 ± 0.00^B^    0.48 ± 0.04^A^     0.60 ± 0.01^B^   0.51 ± 0.01^B^
  20   0.42 ± 0.00^BC^   0.48 ± 0.04^A^     0.60 ± 0.01^B^   0.44 ± 0.02^A^

Three independent replicates were conducted. For the different fat contents, values bearing different uppercase letters are significantly different (

P

≤ 0.05).

In general, results of the current study are more complex than the trend of linearly decreasing thermal conductivity with increasing food matrix fat content which has been commonly reported for both viscous ([@B30]) and gelled emulsion ([@B4]; [@B40]) food products. Solely based on model system composition and following the modeling approach of [@B31], thermal conductivity would decrease from approximately 0.63 W/(mK) at 1% fat to approximately 0.52 W/(mK) at 20% fat, almost independently of temperature (results not shown). Consequently, thermal conductivity values cannot be directly linked to the differences in thermal conductivity between sunflower oil and water (i.e., 0.168--0.162 and 0.598--0.660 W/(mK), respectively) over the relevant temperature range ([@B41]; [@B37]), implying that the thermal conductivity of the model systems was affected by phenomena occurring during the (gelled) emulsion preparation process, e.g., the homogenization step at 22 000 rpm.

In order to elucidate the effect of the presence of an "emulsion structure," thermal conductivity values were compared to those obtained for similar systems without fat, as reported by [@B14]. For the emulsions, results were compared to those in a liquid system which only differed from Em1 by the absence of 1% sunflower oil and 0.30% emulsifiers (i.e., Tween 80 and Span 80). Both at 59 and 69°C, the thermal conductivity in this liquid system (i.e., 0.60 ± 0.04 and 0.67 ± 0.03 W/mK, respectively) was significantly higher than in Em1. Hence, it can be concluded that imposing an "emulsion structure" results in significantly lower thermal conductivity values, although the extent of this decrease is less evident at higher temperatures. In addition, increasing the fat content from 1 to 5% exerts a larger effect on thermal conductivity than relatively larger fat content differences between 5 and 20% fat. In this regard, protein aggregate rearrangement during the homogenization process might have resulted in a steady charge distribution which was not largely affected by differences in fat content in the range from 5 to 20% fat ([@B12]). For the gelled emulsions, results were compared to those in an aqueous gel which also only differed from GE1 by the absence of sunflower oil and emulsifiers. At 59°C, the thermal conductivity in the aqueous gel (i.e., 0.60 ± 0.04 W/mK) was significantly higher than in GE1. At 69°C, on the other hand, no significant differences in thermal conductivity were observed between the aqueous gel (i.e., 0.55 ± 0.02 W/mK) and GE1. Consequently, thermal conductivity of the gelled systems seemed to increase when imposing an "emulsion structure," although only at 59°C. This effect at 59°C is opposite to the effect observed for the viscous emulsions. Similar to the viscous emulsions, however, increasing the fat content from 1 to 5% exerts a larger effect on thermal conductivity than relatively larger fat content differences between 5 and 20%. At 69°C, on the other hand, differences in thermal conductivity seem more closely related to the model system composition, i.e., thermal conductivity was decreasing with increasing fat content.

It can therefore be concluded that the effect of food matrix fat content on thermal conductivity is intertwined with the nature of the food matrix (i.e., viscous or gelled) as well as temperature. Microstructural differences caused by differences in fat content during the (gelled) emulsion preparation process seem to exert a larger influence on thermal conductivity than the compositional differences. In addition, these microstructural aspects are significantly affected by temperature.

Rheological Properties {#S3.SS2}
----------------------

For the emulsions with different fat content (i.e., 1, 5, 10, and 20%), the parameters *K* and *n* of the power law model ([@B34]), over a temperature range of 20 to 70°C are presented in [Table 3](#T3){ref-type="table"}. On the one hand, the consistency index *K* can be interpreted as a measure for the viscosity of non-Newtonian fluids. The flow behavior index *n*, on the other hand, quantifies the extent of deviation from Newtonian behavior (i.e., *n* = 1 for Newtonian fluids), with a lower value representing a larger deviation. The consistency index *K* followed a similar trend at each temperature, i.e., *K* (Em1) ≤ *K* (Em5) ≤ *K* (Em10) ≤ *K* (Em20). Differences were not statistically significant at all temperatures, but *K* was always the lowest in Em1 and the highest in Em20. These findings correspond to the trend of increasing viscosity with increasing fat content, which is commonly reported in literature ([@B49]). Results for the flow behavior index *n* indicate that all emulsions exhibit pseudo-plastic behavior (i.e., *n* \< 1), as already reported for Em1 at 20°C ([@B47]). Concerning the influence of fat content on the rheological properties of the emulsions, the flow behavior index *n* also followed a similar trend at each temperature, i.e., *n* (Em1) ≥ *n* (Em5) ≥ *n* (Em10) ≥ *n* (Em20). Hence, the rheological behavior of the emulsions deviated more from Newtonian behavior (i.e., increased pseudo-plastic behavior) with increasing fat content. An increase in *K* and decrease in *n* with increasing fat content were also observed by [@B44]. This phenomenon may be linked to interactions between the xanthan gum network and the emulsion droplets, stabilizing the emulsion by means of hydrogen bonding ([@B24]; [@B26]).

###### 

Consistency index *K* and flow behavior index *n* of the emulsions with different fat content (i.e., 1, 5, 10, and 20%), according to the power law model ([@B34]).

  T (°C)   *K* (Pa/s)         *n* (-)                                                                                                            
  -------- ------------------ ------------------- ------------------ ------------------ ------------------ ------------------ ------------------ ------------------
  20.0°C   1.054 ± 0.140^A^   1.483 ± 0.159^A^    1.786 ± 0.017^B^   5.477 ± 0.528^C^   0.766 ± 0.017^C^   0.787 ± 0.004^C^   0.646 ± 0.002^B^   0.528 ± 0.019^A^
  32.5°C   0.623 ± 0.060^A^   0.927 ± 0.088^AB^   1.529 ± 0.090^B^   4.243 ± 0.573^C^   0.774 ± 0.010^C^   0.779 ± 0.005^C^   0.653 ± 0.003^B^   0.512 ± 0.007^A^
  45.0°C   0.372 ± 0.043^A^   0.671 ± 0.164^A^    1.226 ± 0.226^A^   3.631 ± 0.671^B^   0.808 ± 0.004^C^   0.807 ± 0.010^C^   0.655 ± 0.001^B^   0.491 ± 0.015^A^
  57.5°C   0.309 ± 0.001^A^   0.481 ± 0.116^A^    1.111 ± 0.126^B^   2.993 ± 0.262^C^   0.823 ± 0.014^C^   0.782 ± 0.010^C^   0.649 ± 0.032^B^   0.489 ± 0.017^A^
  70.0°C   0.205 ± 0.005^A^   0.303 ± 0.003^A^    0.973 ± 0.026^B^   1.937 ± 0.082^C^   0.791 ± 0.010^D^   0.730 ± 0.026^C^   0.619 ± 0.009^B^   0.554 ± 0.002^A^

Three independent replicates were conducted. For the different model systems at one temperature, values bearing different uppercase letters are significantly different (

P

≤ 0.05).

For the gelled emulsions with different fat content (i.e., 1, 5, 10, and 20%), [Figure 1](#F1){ref-type="fig"} illustrates the evolution of the storage modulus *G*′, the loss modulus *G*″, and the phase angle δ over a temperature range of 20--70°C. The storage modulus *G*′ can be interpreted as a measure of the elastic properties of a food product, while the loss modulus *G*″ can be interpreted as a measure of the viscous properties. The phase angle δ is calculated as arctan (G*″*/G*′*) and signifies the ratio of the viscous to the elastic portion of the deformation behavior, with δ = 0°corresponding to elastic behavior, δ = 90° to viscous behavior, and 0 \< δ \< 90 to viscoelastic behavior ([@B39]). Storage moduli *G*′ increased from 1171 to 1458 Pa for GE1, from 1160 to 1579 Pa for GE5, from 1408 to 1672 Pa for GE10, and from 1312 to 2073 Pa for GE20. Loss moduli *G*″ first decreased, then went through a minimum at a temperature between 30 and 50°C, and then increased again. More specifically, loss moduli *G*″ had starting, minimum, and maximum values of 49, 40, and 77 Pa for GE1, 60, 49, and 116 Pa for GE5, 83, 68, and 103 Pa for GE10, and 101, 89, and 237 Pa for GE20. Since *G*′ was always much greater than *G*″, all gelled emulsions exhibited solid-like behavior (i.e., strong gels), indicating that deformations are recovered elastically rather than by viscous dissipation ([@B25]). The phase angle δ gradually decreased with increasing temperature in all model systems until a temperature of approximately 50°C was reached. Afterward, δ started to increase with increasing temperature, with this evolution being the most prominent for GE5 and GE20. Up until a temperature of approximately 63°C, δ was higher for systems with higher fat content, implying a more viscous behavior at higher fat content. At higher temperatures, however, the fast increase in δ of GE5 made this system behave more viscous than GE10. The relation between food matrix fat content and gel strength of gelled emulsions is known to depend on the specific microstructural aspects of the food product of interest. For example, gel strength increases with increasing fat content in mayonnaise ([@B26]), while the opposite is observed in Cheddar cheese and certain dairy desserts ([@B18]; [@B3]).

![Storage modulus *G****′*** (**A**, full lines), loss modulus *G****″*** (**A**, dashed lines), and phase angle δ **(B)** of the gelled emulsions with different fat content (i.e., 1, 5, 10, and 20%), measured over a temperature range from 20 to 70°C. Three independent replicates were conducted.](fmicb-10-03149-g001){#F1}

Thermal Load {#S3.SS3}
------------

In order to investigate the influence of food matrix fat content on heat transfer, the thermal load to which the model systems were exposed during the thermal treatments was quantified, as presented in [Table 4](#T4){ref-type="table"}. Values for systems containing 1% fat, as calculated from the data of [@B45], were also included. In the emulsions, no significant differences in thermal load were observed among the different systems at 64 and 69°C. At 59°C, the thermal load (i) increased when increasing the fat content from 1 to 5%, (ii) remained constant when increasing the fat content to 10%, and (iii) decreased again when increasing the fat content to 20%. In the gelled emulsions, no significant differences in thermal load were observed among the different systems at 59°C. At 64 and 69°C, thermal load increased when increasing the fat content from 1 to 5% and started to decrease again at a higher fat content dependent on the treatment temperature, i.e., 20 and 10% fat at 64 and 69°C, respectively.

###### 

Thermal load to which the emulsion and gelled emulsion model systems with different fat content (i.e., 1, 5, 10, and 20%) were exposed over the course of the inactivation treatments at the different temperatures (i.e., 59, 64, and 69°C).

       Emulsions          Gelled emulsions                                                         
  ---- ------------------ ------------------ ----------------- ------------------ ---------------- ----------------
  1    104440 ± 174^B1^   56255 ± 135^A1^    39830 ± 175^A1^   104953 ± 190^A1^   56015 ± 59^A1^   39770 ± 91^A1^
  5    104955 ± 180^BC^   56380 ± 168^A^     39752 ± 90^A^     104963 ± 85^A^     56215 ± 46^C^    39915 ± 45^B^
  10   105171 ± 119^C^    56556 ± 134^A^     39984 ± 70^A^     105075 ± 204^A^    56204 ± 57^C^    39789 ± 24^A^
  20   104829 ± 145^B^    56516 ± 305^A^     39693 ± 63^A^     105009 ± 150^A^    56128 ± 20^B^    39731 ± 72^A^

1

Calculated based on data from

Verheyen et al. (2019a)

. Three independent replicates were conducted. For the different model systems at one temperature, values bearing different uppercase letters are significantly different (

P

≤ 0.05).

For the emulsions, a comparison of the thermal load values to thermal conductivity values and rheological properties of the model systems demonstrates that differences in thermal load (if present) were not due to differences in conductive or convective heat transfer. Similar conclusions can be drawn for the gelled emulsions, even though convective heat transfer is in any case impossible in those systems due to their solid-like behavior. However, observed significant differences among the systems with different fat content at a certain temperature were rather small, i.e., relative differences of maximum 0.7%. Therefore, the fat content of the model systems probably exerted no significant influence on heat transfer dynamics at this small scale (i.e., 1 mL of model system). Similar conclusions were drawn by [@B22] in emulsion samples of 25 mL containing 3, 7, and 10% fat. In future studies, the used model systems can be scaled up to investigate the influence of fat content on heat transfer and link this influence with the direct effect on the microorganisms.

Thermal Inactivation of *Listeria monocytogenes* {#S3.SS4}
------------------------------------------------

[Figure 2](#F2){ref-type="fig"} represents the inactivation of *L. monocytogenes* over the course of the thermal treatments at 59 (A, D), 64 (B, E), and 69°C (C, F) in the model systems with different fat content (i.e., 5, 10, and 20%), for the emulsions (A--C) and gelled emulsions (D,E), respectively. In this figure, the (non-isothermal) inactivation model of [@B17] was fitted to the experimental data. [Table 5](#T5){ref-type="table"} shows an overview of the obtained inactivation parameters \[i.e., *k*~max~(*T*~ref~) and *z*-value\] and mean squared errors (MSE) obtained from the global model fit for each of the model systems. The influence of food matrix fat content on thermal inactivation was investigated by comparing the maximum specific inactivation rate *k*~max~ \[i.e., calculated in function of temperature using the obtained value for *k*~max~(*T*~ref~), according to Eq. 3\] and the obtained log reductions among the different conditions. Based on the MSE values and [Figure 2](#F2){ref-type="fig"}, it can be observed that the model fit was best for the gelled emulsion systems. The relatively high MSE values for the emulsion systems, however, were mainly caused by the high variation in the data points in the tailing phase of the inactivation. Since this variation was less in the log-linear inactivation phase (i.e., related to *k*~max~), only the estimated log reductions were significantly affected by the accuracy of the model fit.

![Inactivation kinetics of *Listeria monocytogenes* in the emulsion **(A--C)** and gelled emulsion **(D--F)** model systems with different fat content at temperatures of 59 **(A,D)**, 64 **(B,E)**, and 69°C **(C,F)**. Symbols (x, o, and □, for 5, 10, and 20% fat, respectively) correspond to the experimental data and lines correspond to the model fit of the [@B17] model. The detection limit (DL) is also indicated.](fmicb-10-03149-g002){#F2}

###### 

Maximum specific inactivation rates at the reference temperature *k*~max~(*T*~ref~), *z*-values and mean squared errors (MSE) obtained from the global fit procedure for the emulsion and gelled emulsion model systems with different fat content.

                               Emulsions (%fat)   Gelled emulsions (%fat)                                             
  ---------------------------- ------------------ ------------------------- ------------- ------------- ------------- -------------
  *k*~max~(*T*~ref~) (1/min)   2.65 ± 0.00        1.96 ± 0.00               2.79 ± 0.00   2.01 ± 0.00   1.40 ± 0.00   1.73 ± 0.00
  *z* (°C)                     6.05 ± 0.01        6.57 ± 0.00               5.32 ± 0.01   5.53 ± 0.00   5.83 ± 0.00   5.04 ± 0.01
  MSE                          3.05               3.34                      4.80          0.35          0.23          0.43

### Maximum Specific Inactivation Rate {#S3.SS4.SSS1}

[Figure 3](#F3){ref-type="fig"} presents the *k*~max~ values in the emulsion and gelled emulsion systems with different fat content as a function of the inactivation temperature. In order to have a more complete view on the influence of the fat content, *k*~max~ values for emulsion and gelled emulsion systems containing 5, 10, and 20% of fat obtained in the current study were also compared to *k*~max~ values for the systems containing 1% fat, as provided by [@B45]. It should be noted that *k*~max~-values at a certain temperature cannot be directly linked to one of the inactivation experiments at 59, 64, or 69°C. [Figure 3](#F3){ref-type="fig"} shows a general temperature-dependency of *k*~max~ for each model system, calculated on the basis of the three different inactivation experiments. In addition, for the experiments conducted at 69°C, the temperature measurements showed that most of the inactivation occurred before the core temperature of the model systems reached 67.5°C (results not shown). Since the inactivation model was not fitted to inactivation data at higher temperatures and *k*~max~ values at this temperature would not represent any practical relevance, only temperatures up until 67.5°C are therefore shown in [Figure 3](#F3){ref-type="fig"}.

![Estimated maximum specific inactivation rate *k*~max~ (1/min) in function of the inactivation temperature, according to the inactivation model of [@B17] for the thermal inactivation of *Listeria monocytogenes* in the emulsion **(A)** and gelled emulsion **(B)** model systems with different fat content. Data obtained from [@B45] was used to calculate *k*~max~ for the systems containing 1% fat.](fmicb-10-03149-g003){#F3}

In the emulsions, the maximum specific inactivation rate *k*~max~ decreased with increasing fat content until a temperature of approximately 60°C. At higher temperatures, *k*~max~ in Em20 increased at a higher rate than in the other systems, surpassing *k*~max~ of Em10, Em5, and Em1 at approximate temperatures of 60, 63, and 65°C, respectively. In the gelled emulsions, the maximum specific inactivation rate *k*~max~ also decreased with increasing fat content at lower temperatures. For GE20, *k*~max~ of GE10 and GE1 were surpassed at approximate temperatures of 61 and 63°C, respectively. For GE10, *k*~max~ of GE1 was surpassed at approximately 64°C. [Figure 3](#F3){ref-type="fig"} also shows that the maximum specific inactivation rate *k*~max~ was always lower in the gelled emulsions than in the respective emulsion-counterparts (i.e., at one temperature for a certain fat content). This last finding confirms the conclusion of [@B45] concerning the influence of the nature of the food matrix on thermal inactivation kinetics of *L. monocytogenes*, stating that the presence of a gelled matrix results in lower *k*~max~ values.

Results for *k*~max~ in Em1 (i.e., 0.419 ± 0.001 and 2.928 ± 0.004 1/min at 59 and 64°C, respectively) and GE1 (i.e., 0.292 ± 0.000 and 1.452 ± 0.001 1/min at 59 and 64°C, respectively) were also compared to those obtained in the similar liquid and aqueous gel systems without fat ([@B45]). In the liquid system, *k*~max~ values were equal to 0.421 ± 0.001 and 2.334 ± 0.012 1/min at 59 and 64°C, respectively. Consequently, the trend of decreasing *k*~max~ with increasing fat content at lower temperatures was confirmed at 59°C in the viscous systems (i.e., liquid without fat and the different emulsions), although the difference between the liquid system and Em1 was rather small due to the limited fat content difference. At 64°C, *k*~max~ in the liquid system was lower than in Em1. Since this difference in *k*~max~ was also higher than would be expected based on the small compositional difference of 1% fat, the presence of an "emulsion structure" seems to result in an increased *k*~max~. In the aqueous gel, *k*~max~ values were equal to 0.246 ± 0.000 and 1.059 ± 0.000 1/min at 59 and 64°C, respectively. In gelled food matrices, the presence of an "emulsion structure" therefore seems to result in an increase in *k*~max~ at all temperatures.

In general, the maximum specific inactivation rate *k*~max~ seems to be complexly related to food matrix fat content, the nature of the food matrix (i.e., viscous or gelled), and the inactivation temperature. At lower temperatures, the protective effect (i.e., lower *k*~max~) of higher fat content could be related to the distribution of the cells inside the food matrix. Confocal laser scanning microscopy experiments in the current set of model systems revealed that *L. monocytogenes* cells grew preferably at the fat-water interface in emulsion and gelled emulsion systems, a trend which became more clear with increasing fat content ([@B46]). Since the thermal conductivity of sunflower oil is considerably lower than the thermal conductivity of water (as previously mentioned in section "Thermal Conductivity"), there can be a short time period during which the *L. monocytogenes* cells experience a lower temperature when they are situated close to the fat phase. Alternatively, the decrease in *k*~max~ with increasing fat content could have been caused by local differences in water activity (a~w~) which were present among the different model systems. While no significant differences in a~w~ were detected among the emulsions and gelled emulsions with different fat content ([@B48]), *L. monocytogenes* cells would locally be subjected to an environment with lower a~w~ when they are situated at the fat-water interface. This local decrease in a~w~ results in lower heat transfer rates, in turn making the cells less susceptible to heat ([@B36]; [@B1]). The more complex behavior at higher temperatures could be related to the specific microstructural properties of the (gelled) emulsions. In the emulsions, the influence of fat content on *k*~max~ was rather limited, with large differences only occurring at 10% fat. As shown in [Table 3](#T3){ref-type="table"}, the viscosity (i.e., represented by the consistency index *K*) of the emulsions decreases with increasing temperature. The rate at which the viscosity changes with increasing temperature is, however, dependent on the emulsion fat content. For Em1, Em5, and Em20, the consistency index *K* decreased by approximately 35% when increasing the temperature from to 57.5 to 70.0°C. For Em10, *K* only decreased by approximately 12% over the same temperature range. This less prominent decrease in viscosity in Em10 possibly caused the lower *k*~max~ in this system by promoting emulsion stability and/or providing a more favorable *L. monocytogenes* cell distribution which locally lowered heat transfer rates. In the gelled emulsions, [Figure 1](#F1){ref-type="fig"} showed that the rheological properties of the model systems remained rather constant at temperatures lower than 59°C, with gelled emulsions exhibiting more viscous behavior with increasing fat content. At higher temperatures, however, all model systems started to exhibit more viscous behavior. In this regard, the increase in viscous behavior was most prominent in GE5 and GE20. These increased viscous properties might have caused a faster inactivation due to the local promotion of heat transfer in GE5 and GE20, possibly explaining the larger *k*~max~ values in those systems. In addition, the limited increase in viscous behavior of GE1 might explain the rather low *k*~max~ in this system.

In order to further elucidate the aforementioned phenomena, the influence of the specific microstructural characteristics (e.g., rheology) of (gelled) emulsions with different fat content on *L. monocytogenes* cell distribution at different inactivation temperatures could be investigated by means of confocal laser scanning microscopy following different treatments.

### Log Reductions {#S3.SS4.SSS2}

Log reductions obtained at the end of each of the respective treatments (i.e., final sampling point) are provided in [Table 6](#T6){ref-type="table"}. Similar to the approach for *k*~max~, log reductions for emulsion and gelled emulsion systems containing 5, 10, and 20% of fat obtained in the current study were also compared to those for the systems containing 1% fat, calculated based on the data from the experiments by [@B45]. As mentioned, the accuracy of the estimated model fits could be affected by the substantial data variation in the tailing phase of the inactivation. Therefore, results concerning the obtained log reductions were critically evaluated.

###### 

Log-reductions in *Listeria monocytogenes* obtained in the emulsion and gelled emulsion model systems with different fat content following the longest treatment time at each of the three temperatures, i.e., 30, 15, and 10 min for treatments at 59, 64, and 69°C, respectively.

       Emulsions         Gelled emulsions                                                         
  ---- ----------------- ------------------ ----------------- ----------------- ----------------- -----------------
  1    4.68 ± 0.04^A1^   5.09 ± 0.17^A1^    4.18 ± 0.07^A1^   3.13 ± 0.05^D1^   2.89 ± 0.03^C1^   2.92 ± 0.02^C1^
  5    6.57 ± 0.04^D^    7.10 ± 0.06^C^     7.16 ± 0.19^C^    2.93 ± 0.02^C^    2.90 ± 0.13^C^    2.98 ± 0.07^C^
  10   6.12 ± 0.12^B^    7.72 ± 0.04^D^     6.29 ± 0.03^B^    2.70 ± 0.01^B^    2.64 ± 0.06^B^    2.67 ± 0.04^B^
  20   6.35 ± 0.05^C^    6.08 ± 0.17^B^     6.37 ± 0.07^B^    2.01 ± 0.02^A^    2.33 ± 0.20^A^    2.51 ± 0.07^A^

1

Calculated based on data from

Verheyen et al. (2019a)

. For the different fat contents, values bearing different uppercase letters are significantly different (

P

≤ 0.05).

In the emulsions, log reductions were the lowest in Em1 at all temperatures. The relation between the observed log reductions in Em5, Em10, and Em20 was dependent on the treatment temperature. At 59°C, the log reduction was the largest in Em5, followed by Em20 and Em10. It can, however, be observed in [Figure 2A](#F2){ref-type="fig"} that these significant differences in log reduction were probably caused by the variation in the experimental data and do not represent any practical relevance. At 64°C, the log reduction was the largest in Em10, followed by Em5 and Em20. For this case, it can be observed in [Figure 2B](#F2){ref-type="fig"} that the inactivation tail Em5 and Em10 was located around or below the DL. Since significant differences between these two systems could therefore not be accurately determined, the log reductions cannot be assumed significantly different. At 69°C, the log reduction was the largest in Em5, while no significant differences were observed between Em10 and Em20. Since cell densities of some of the replicates were below the DL for all conditions, results concerning the log reductions in the emulsion systems should, however, be critically evaluated. When comparing the obtained log reductions ([Table 6](#T6){ref-type="table"}) and *k*~max~-values ([Figure 3](#F3){ref-type="fig"}) in the emulsion model systems, it becomes clear that conclusions concerning the influence of food matrix fat content on thermal inactivation of *L. monocytogenes* were not similar. Em1 seems to be the only emulsion in which a considerably lower log reduction (i.e., 2--3 log lower compared to the systems with higher fat content) was observed. Consequently, these protective effects of fat content on *L. monocytogenes* which were discussed for *k*~max~, solely affected the rate at which the cells were inactivated. Trends in *L. monocytogenes* log reductions were not largely affected by the inactivation temperature, implying that the direct effect of fat droplets on the bacterial cells was not temperature-dependent. Temperature-dependent differences in thermal conductivity and rheological properties among the different emulsion systems probably only affected local heat transfer rates, but not the thermotolerance of the cells.

In the gelled emulsions, the log-reductions generally decreased with increasing fat content at all temperatures. The only exceptions to this trend were observed between GE1 and GE5 at 64 and 69°C, as no significant differences were observed at these conditions. Furthermore, a considerable resistant cell population, equal to approximately 6 log (as confirmed in [Figures 2D,E](#F2){ref-type="fig"}), was present in all gelled emulsions at all temperatures. This observation implies a protective effect of a gelled food matrix on *L. monocytogenes* cells, which was also reported by [@B45]. Similar to the emulsion systems, this protective effect was not largely affected by the inactivation temperature. Furthermore, log reductions decreased with increasing fat content, even though significant differences between GE1 and GE5 were only present at 59°C. Similar to the discussion for the emulsions systems, results for log reductions and *k*~max~-values were also compared among the different gelled emulsions. Again, temperature-dependent differences in thermal conductivity and rheological properties, which affected *k*~max~, did not seem to significantly affect the thermotolerance of the cells. Thermotolerance increased with increasing fat content at all temperatures.

Similar to the discussion for *k*~max~, log reductions in Em1 and GE1 were also compared to those obtained in the similar liquid and aqueous gel systems without fat ([@B45]). Both for the viscous and gelled emulsions, log reductions in systems containing 1% fat were greater or not significantly different compared to the respective systems without fat. Consequently, inducing an emulsion structure seems to result in a decreased thermotolerance of the *L. monocytogenes* cells. The effect of a further increase in fat content depends on the nature of the food matrix (i.e., viscous or gelled), resulting in a further decrease in thermotolerance in viscous systems (i.e., emulsions) and an increase in thermotolerance in gelled systems (i.e., gelled emulsions).

### Sublethal Injury Assessment {#S3.SS4.SSS3}

Sublethal injury is defined as "a consequence of exposure to a chemical or physical process that damages but does not kill a microorganism" ([@B20]). In [Table 7](#T7){ref-type="table"}, SI of *L. monocytogenes* over the course of the treatments for the different emulsion and gelled emulsion systems was quantified by means of the Time-averaged Injured Cells Coefficient (TICC). Similar to the approach used in the previous sections, results from the current study were compared to those for systems containing 1% fat, as obtained by [@B45]. At 59°C, TICC values decreased with increasing fat content, with the TICC for the systems containing 1% fat being the highest in both emulsions and gelled emulsions. At 64°C, TICC was also the highest in systems containing 1% fat, while differences between the systems containing 5, 10, and 20% fat were rather limited. At 69°C, differences among all systems were rather small, both for emulsions and gelled emulsions. It should, however, be noted that TICC values at 64 and 69°C were rather low in comparison to those at 59°C, implying that the amount of SI was only significant at 59°C.

###### 

Time-averaged Injured Cells Coefficient (TICC) of *Listeria monocytogenes* over the course of the thermal inactivation experiments at 59, 64, and 69°C in the emulsion and gelled emulsion model systems with different fat content.

       Emulsions   Gelled emulsions                              
  ---- ----------- ------------------ -------- -------- -------- --------
  1    8.2^1^      5.3^1^             2.1^1^   3.9^1^   1.6^1^   1.2^1^
  5    7.5         1.1                1.9      2.5      0.4      1.3
  10   6.9         1.5                0.8      2.0      1.2      0.5
  20   3.6         1.3                1.3      1.8      0.5      1.1

1

Calculated based on data from

Verheyen et al. (2019a)

.

When only taking into account the significant SI at 59°C, TICC values decreased with increasing fat content in the emulsions and gelled emulsions, with the TICC for the systems containing 1% fat being the highest. The general trend that SI is less prominent with increasing fat content could be a confirmation of the protective effect (i.e., lower log reduction) of an increased fat content on *L. monocytogenes* cells, as reported by [@B10]. This straightforward trend for the log reductions, however, was in the current study only observed in the gelled emulsions. Therefore, the influence of food matrix fat content in emulsion systems is possibly more closely related to a protective effect against SI due to the locally smaller heat transfer rates.

### Summary of the Effects of Food Matrix Fat Content on Thermal Inactivation Dynamics {#S3.SS4.SSS4}

Food matrix fat content was shown to significantly affect *k*~max~, log reductions and SI of *L. monocytogenes*. Apart from the direct effect on the cells, food matrix fat content was also shown to influence both the thermal conductivity and rheological properties of emulsion and gelled emulsion model systems. Within the small-scale (i.e., 1 mL) model systems of the current study, these changes in thermal conductivity and rheology did not significantly alter global heat transfer dynamics in the systems. These induced changes did, however, locally affect the bacterial cells, resulting in changes in *k*~max~. [Table 8](#T8){ref-type="table"} provides an overview of all direct and indirect (e.g., rheology, thermal conductivity) effects of food matrix fat content on microbial inactivation dynamics (i.e., thermotolerance, *k*~max~, SI). Overall, the combination of all these effects gives rise to the complex relation between food matrix fat content and microbial inactivation dynamics.

###### 

Overview of the direct and indirect effects of food matrix fat on thermal inactivation dynamics of *L. monocytogenes* in emulsion and gelled emulsion model systems.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                      Emulsions                                                                                                                                                        Gelled emulsions                                                                                                                                                  
  --------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------- ------------------------------------------------------------------------------------------------------------------------------------ -----------------------------
  Presence of (gelled) emulsion structure             Less favorable cell distribution                                                                                                                                 *k*~max~ ↑\                  Less favorable cell distribution                                                                                                     *k*~max~ ↑\
                                                                                                                                                                                                                       Thermotolerance ↓                                                                                                                                                 Thermotolerance ↓

  Fat content                                         Direct effect on cells                                                                                                                                           Thermotolerance ↓ (1--5%)\   Direct effect on cells                                                                                                               Thermotolerance ↑ (5--20%)\
                                                                                                                                                                                                                       SI ↓ (1--20%)                                                                                                                                                     SI ↓ (1--20%)

  Thermal conductivity (lower close to fat)           Cells at fat-water interface experience slower temperature increase                                                                                              *k*~max~ ↓                   Cells at fat-water interface experience slower temperature increase                                                                  *k*~max~ ↓

  Water activity (lower close to fat)                 Cells at fat-water interface experience slower temperature increase                                                                                              *k*~max~ ↓                   Cells at fat-water interface experience slower temperature increase                                                                  *k*~max~ ↓

  Food matrix rheology (in function of temperature)   Decrease in *K* with increasing temperature is less prominent at 10% fat. This may lead to increased emulsion stability and a more favorable cell distribution   *k*~max~ ↓                   More prominent increase in viscous behavior with increasing temperature at 5 and 20% fat leads to local promotion of heat transfer   *k*~max~ ↑
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Comparison to Studies in Real Food Products {#S3.SS5}
-------------------------------------------

To the best knowledge of the authors, the current study was the first attempt at a systematic study of the influence of food matrix fat content on thermal inactivation kinetics of *L. monocytogenes* (i.e., using model systems among which the influence of food matrix fat content was isolated). Results of the current study can be compared to those from other studies using real food products, taking into account that results from these studies might have been influenced by compositional, physicochemical, and microstructural variations among the different systems. In addition, the specific *L. monocytogenes* strains used might also have significantly influenced the inactivation kinetics.

[@B10], investigated the effect of fat content (i.e., 0.0, 2.5, and 5.0%) in homogenized milk systems (i.e., emulsions) on the thermal inactivation of *L. monocytogenes* Scott A at temperatures ranging between 55 and 65°C. According to their findings, an increase in fat content led to a decrease in inactivation rate of *L. monocytogenes*. When increasing the temperature, however, the protective effect of the fat was reduced. A similar trend was observed for the emulsions in the current study over the same fat content range, as lower *k*~max~-values were observed in Em5 than in Em1, although differences became larger at higher temperatures. As mentioned previously, this specific trend was probably caused by the specific microstructural aspects of the model systems used in the current study. [@B10] also reported decreasing log reductions when increasing the fat content of their emulsions systems over the range of 0--5%, opposite to what was observed in the current study. This difference could have been due to the large sample size of 100 mL used by [@B10]. In these larger sample, the influence of heat transfer inside the systems was probably more important than in the small samples of 1 mL used in the current study. With increasing fat content, a decrease in both conductive (i.e., due to the lower thermal conductivity of fat in comparison to water) and convective (i.e., due to the higher viscosity of systems with higher fat content) heat transfer occurs. Hence, the systems with higher fat content would have been subjected to lower thermal loads than those with lower fat content, possibly explaining the lower log reductions.

[@B15] compared the inactivation of *L. monocytogenes* Scott A in lean (2.0%) and fatty (30.5%) ground beef (i.e., gelled emulsions). They found that D values in fatty beef were approximately double the lean beef values (i.e., equivalent to *k*~max~-values which were halved), both at temperatures of 57.2 and 62.8°C. In the current study, the maximum specific inactivation rate *k*~max~ in the gelled emulsions also decreased with increasing fat content at temperatures below 61°C, while the trend at higher temperatures was more complex.

[@B35] investigated the inactivation of *L. monocytogenes* MFS 102 in frankfurter slurries (i.e., emulsions) containing 8.5, 11.0, and 23.0% fat at 60°C. They reported significantly higher *D* values (i.e., lower *k*~max~ values) in systems containing 8.5% fat than in systems containing 11.0 and 23.0% fat. This trend is opposite to the one observed for the emulsions at similar temperatures in the current study, although an increase of *k*~max~ with increasing fat content was also observed at higher temperatures, e.g., from 10 to 20%. Differences could have been caused by the use of different kinds of frankfurter for the preparation of slurries with different fat contents, i.e., reduced fat frankfurters, regular fat frankfurters, and regular fat frankfurters with additional beef tallow for systems containing 8.5, 11.0, and 23.0% fat, respectively. Consequently, the influence of fat content on microbial inactivation was not effectively isolated.

Finally, [@B22] investigated the inactivation at 60°C of a three-strain *L. monocytogenes* cocktail (i.e., ATCC 19111, ATCC 19115, and ATCC 15313) in mixtures of cream and peptone water (i.e., emulsions) with fat contents of 0, 3, 7, and 10%. They reported no significant influence of fat content on log reductions of *L. monocytogenes* (and *Salmonella* Typhimurium and *Escherichia coli*), which is similar to the findings of the current study over the same fat content range at 59°C.

It was demonstrated that the thermal inactivation of *L. monocytogenes* in real food products exhibits certain similarities to the inactivation in the model systems used in the current study, but findings from the current study cannot be directly transferred to the behavior in real food products. The influence of food matrix fat content on the thermal inactivation of *L. monocytogenes* is probably also dependent on other factors which were not effectively isolated in the real food products. In addition, the use of larger sample volumes may have resulted in an increased importance of heat transfer in comparison to the current study. Therefore, future predictive modeling tools in which the influence of food matrix fat content is incorporated should also include factors related to rheology and thermal conductivity in order to take into account the effect of fat content on heat transfer inside the foods.

Conclusion {#S4}
==========

In emulsion and gelled emulsion products, the isolated influence of food matrix fat content on the thermal inactivation of *L. monocytogenes* was shown to be largely dependent on other factors which were also temperature-dependent, e.g., the nature of the food matrix, thermal conductivity, rheological properties. The presence of the (gelled) emulsion structure on itself exerts a negative effect on the thermotolerance of the bacteria, even with a very low fat content (i.e., 1%). Among (gelled) emulsions, however, inactivation rates (i.e., *k*~max~) and thermotolerance (i.e., final log reduction) are affected differently by changes in food matrix fat content and inactivation temperature. While inactivation rates can, under certain conditions, be lowered by increasing the food matrix fat content, the thermotolerance of *L. monocytogenes* is not affected similarly, sometimes even being lower at increased fat content. This behavior is most probably related to the cell distribution inside the food matrix which is affected by the (temperature-dependent) rheological properties of the product on the one hand, and the direct effect of the fat droplet presence on the microbial cells (not largely affected by inactivation temperature) on the other. The direct effect of food matrix fat content on thermal inactivation of *L. monocytogenes* can, however, not be directly applied to predict the behavior of the bacterium in real food products. The influence of food matrix fat content on thermal conductivity and rheology, both affecting heat transfer, becomes more important when food products are larger than the small samples used in the current study.

Since the protective effect of fat content on thermal inactivation dynamics of pathogens is important for the design of thermal pasteurization processes in food industry, further research on this effect should be conducted by, e.g., a microscopic characterization of bacterial cell distribution, rheological characterization of different food products, an investigation of the effect on different bacteria. In this regard, the influence of food matrix fat content should always be investigated in combination with the rheological properties of the food product, since the influence of those two factors on microbial inactivation kinetics is largely intertwined. An elucidation of this effect could also lead to an improved accuracy of predictive models for thermal inactivation processes. Findings from the current study concerning the isolated effect of food matrix fat content at a small scale could also serve as a starting point for the development of such models.
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